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Radio-Frequency Carrier Arraying for High-Rate
Telemetry Reception

M. H. Brockman

Telecommunications Science and Engineering Division

A method for increasing the sensitivity for radio-frequency reception is to array
receiving systems or Stations in such a manner as to provide signal-to-noise ratio improve-
ment relative to a single receiving system or station. Radio-frequency carrier arraying for
high-rate telemetry that provides signal-to-noise ratio improvement for RF carrier recep-
tion and demodulation represents one element of such an array.

l. Introduction

Increasing the sensitivity for radio-frequency reception can be achieved by arraying receiving systems or stations in such a
manner as to provide signal-to-noise ratio improvement relative to a single receiving system or station. The following material
relates to radio-frequency carrier arraying which provides signal-to-noise ratio improvement for ¢coherent RF carrier reception and
RF carrier demodulation. This article is directed toward high-rate telemetry reception with residual RF carrier. A later article will
consider RF carrier arraying for low-rate telemetry reception with its attendant smaller RF carrier margin. In this article, the
components of equivalent system noise temperature including galactic noise and atmospheric noise are assumed to be statistically
independent among the various stations (antennas) of the array. A later article will consider the equivalent system noise
temperature in more detail.

il. Receiver Configuration

Figure 1 illustrates the method for achieving RF carrier arraying. Two receiving systems are shown to illustrate the concept.
However, additional receiving systems can be added to expand the signal-to-noise improvement capability for RF carrier arraying.
In addition, each receiving system can be fed from its own antenna. The input signal to NV receiving systems or stations is a
radio-frequency signal (cos wp if) phase modulated with telemetry and/or a ranging waveform. Consider, as an example, the case
for telemetry where the RF carrier is phase modulated with a square-wave subcarrier (Cos w, 1) at a peak modulation index Mpyp
that is in turn, biphase-modulated with data D(¢). Refer to Fig. 1 during the following development. The signal at the input to the
low-noise amplifier in Receiving System 1 is

21/2A1(z‘) cos [wppt +0, +DE+7, )" mon " Cos (wsct+(9scil)] +n, (t) (1a)
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For a binary modulation waveform, the carrier component becomes

1/2 .
27774 () - cos m,p COS (wRFt+6“)

The sideband component becomes:

+21/2A1(t) sin mop D(t +71,,) * Cos (w, t + BSC“) *sin (wp ot +6,,) (1b)

The noise component is n;, (£).

For Receiving System 2, the corresponding input signal is
21/2A2(t) s cosm ., cos (Wppt +8,,)+ 21/2A2(t) ssinm g D(t +7,,)

» Los (w1 + Gscn) *sin (wp pt +0,,) +1,() )

The other N - 2 receiving systems will have corresponding input signals. Since Antenna 1 and Antenna 2 are separate
antennas, physically separated, the phase shift on the RF carrier (f;,) and square wave subcarrier (BSCn) and the group delay
on the data (7;,) in Receiving System 2 are different from the corresponding phase shifts and modulation group delay in
Receiving System 1. In general, the differences in RF carrier phase shift (6,, - 8;,), subcarrier phase shift (6’30’.2 - Bsc“) and
modulation group delay (r;5 - 7;;) will vary with time during a station pass. The above applies in general to all V receiving
systems. The terms n;,(¢), n;,(¢), etc., represent a combination of galactic noise, atmospheric noise, noise in the antenna
sidelobes due to the Earth, noise due to losses in microwave reflectors, and noise due to losses in microwave components ail
lumped with noise due to input amplifier(s). This combined noise is measured relative to reference temperature load(s)
connected to the amplifier input (during the measurement) and designated as the operating equivalent system temperature
Topys Top,» etc. The noise term n;, (¢) has a double-sided noise spectral density N01/2 =(k-Top, * 1)/2 watts/Hz where k is
Boltzmann’s constant, 1.38 X 10723 joule/°Kelvin. The noise terms 7;,(r), etc., have noise spectral densities related to Topz,
etc., as above.

After passing through the low-noise amplifier in Receiving System 1, expression (1) can be written as:

1/2
k, ni [2 A, (2) cos m, COs (wppt * 01,N10)

+2124, (1) sin m,p D+ 7, o) Bos (w1 + 0“LN10) sin (wg gt * HLNIO)] 1 ni0(®) G)

where k; | represents the gain of the low-noise amplifier and k7 5, * 4,(¢) << 1. The corresponding expression at the output
of the low-noise amplifier in Receiving System 2 is:

1/2 . 1/2 :
Ky na [2 Az(t) cosm_, * cos (wpptt 0 )+ 24 A4,(t) sin m

LN20 pD

< D(r + TLNzO) Cos (wsct + BSCLMO) * sin (th + 9LN20)] + anO(t) 4)
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where

Ky, - A, (0 << 1.

The transfer characteristics of low-noise Amplifiers 1 and 2 modify the RF (ie., 8, 5,0 = 0:‘1 +8, 1) and subcarrier (Le.,
Oscynio = Osepy * Oscp ) Phase shift as well as data group delay (ie., 7, 50 = 7;y * 77 ) and band limit and amplify by
K, the receiver noise to n; n,o(2) and ny p,0(#). The other N - 2 receiving systems will have corresponding signal
expressions at this point in their respective receiving systems.

The first local oscillator signal, which is derived from a voltage-controlled oscillator (VCOI) through a frequency multiplier
(XM) is:

212 o5 (wL0t+§RF) (5)

at the first mixer in Receiving System 1. The term gRF represents a noisy estimate of the input signal phase to the first
mixer. Note that this first local oscillator signal (expression (5)) is also applied to the first mixers of the other receiving
systems. In particular, this local oscillator signal will experience an additional phase shift of Y, * 27 + 8, to the first mixer of
Receiving System 2, where Y, is an integer (a large integer for separate antennas). As a consequence, the first local oscillator
signal (Receiving System 2) becomes:

1/2 2
2% cos (W pt + O, 10,) 6)

For Receiving System N, the additional first local oscillator phase shift is Y, + 27 + 6, which provides a local oscillator signal
2172 cos (wy ot + B + 8,) to its first mixer.

The first IF amplifier in Receiving System 1 has a variable gain including first mixer loss of K, (gain controlled by
AGC). The output signal of this first IF amplifier becomes:

~

21/2Al cos m , cos (wpp ™ @, )t (0,000~ 0pp)] +21/2A1 sin mop D(t+r1 )+ Los (w1 +0

IFV10 SCrEv10

sin [(wpp = @ o) (6" gRF)] ey o) (7

where

A =Ky Kppyy 24,0

is held essentially constant due to AGC and 4, << 1. Using the same convention for notation as above for the low-noise
amplifier, the terms 6, ,, and Oscrpy 10 represent the sum of all the RF (6;; + 0,5, + 0;5p;) and subcarrier (Osc;y +
Osepnyr HSCIFVI) phase shifts, respectively, and data group delay (7;5,,0= ;1 + T y1 T Ty ) Up to this point in the
system including coaxial lines. The receiver noise is band limited by the combined bandwidth of the low-noise amplifier and
first IF amplifier, and amplified by &k, 1y * kjppy 10 Ry o(0).
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The second local oscillator signal in Receiving System 1, which is derived from a frequency standard common to all N
receiving systems, is:

2172 (s (oJREFlt) 8)

The signal at the output of the second IF distribution amplifier (with gain K,,;¢,, which includes coaxial line and the second
mixer loss) becomes:

o~

K '21/2AlcosmpD cos [(wRF—wLO— 0

. ~1/2 -
DIST1 + K 2 A1 sin m

RF)] DIST1

Wrpr)t T Oprgrio pD

~

Dt +71 )Eos(wsct+0 )+ sin [w,, - w

- - )
DIST10 SChIST10 RF LO wREFl)t * (eDISTIO BRF)] + nDISTlO(t’

©)

where 015710 = 01110 * OpisT1s Oseprsrio = Vserpyio * Oseprsri @4 TprsTio = Tirvio * Tprsr (the phase shift
and group delay up to this point in the system including coaxial lines). In addition, np;¢70(¢) is the band limited and

amplified (by k; v * k;zq * kppsgpy) receiver noise at the output of the second IF distribution amplifier. The term
(Wrp~ Wpo~ Wrppy) becomes (Wrppy = Wrp T W) for Wrpp > Wrp = W Note that (Wppry = Wrp + W1o)
or (Wgp = Wy = Wrpp1) = Wrppe- Also frequency (wgpp,t) is the reference frequency for the phase detector in the
RF carrier phase tracking loop, the AGC detector, and the telemetry IF channel phase detector (Fig. 1). Reference frequency
(wg pryt) is also derived from the frequency standard common to all N receiving systems.

The second IF filter F,, is narrow band relative to the telemetry sidebands and consequently filters the sidebands out.
After passing through filter ', |, the signal becomes:

K - K -21/2141 cos m * cos

Al DIST1 pD [wrpppat + (0

Fdio ~ §RF)] g0 (10)

where 05410 = OprsTio + Opa, and np,,o(t) represents the amplified receiver noise related to T,p; in the noise
bandwidth of F, . Note that since the gain from Expression (10) in Fig. I to the AGC detector is constant at K4 IFy (minus
the summing junction loss), the attenuator (4,) at the input to the second IF amplifier in Receiving System 1 provides a
means for setting the signal level at (9) to provide the required output level for the telemetry subcarrier spectrum in Receiving
System 1 when RF carrier arraying with Receiving System 2, etc.

Proceeding in Receiving System 2 as above (for Receiving System 1), the output signal of the first IF amplifier in Receiving
System 2 (from expressions (4) and (6)) becomes:

21/2A2 cosm_ . cos [( ) Bos (w1 +0

Wpp~ WLt t O pya0”

ry _ 1/2 : .
Orr 92)]+2 AzsmmpD D(I+TIF20

pD Srry20

“sin [(wp o= wp )0+ (0050~ é\RF— 0,01+ 15060 (11)
where
A, =K, K <A, (1)

2 LN2IFV2
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and is held essentially constant due to AGC and 4, << 1. Note that the receiving systems considered here are similar so that the
signal-to-noise ratio at this point (11) in Receiving System 2 is nearly equal to that at the corresponding point in Receiving
System 1. (The concept developed herein however, can be applied to arraying receiving systems where the signal-to-noise ratios
are not equal.) The second local oscillator signal in Receiving System 2 is derived from a voltage-controlled crystal oscillator
(VCO,) through a frequency multiplier (XQ). From inspection of Fig. I, the frequency VCO2 XQ is equal to (wWpppt)
although its phase is modified by differences in carrier phase as pointed out in the discussion relative to expressions (2), (4),
and (6). The second local oscillator signal can be expressed as:

~

21208 (Wpppi!=0.0,) (12)

where 9L02 represents the estimate of the RF carrier input phase to the second mixer (Receiving System 2). The phase
estimate 6L02 is derived from a phase-locked loop whose closed-loop noise bandwidth is a small fraction of the closed-loop
noise bandwidth of the RF carrier phase tracking loop discussed below (expression (16)). Hence the noise on phase estimate
6L02 is much less than that on ()RF (first local oscillator signal). Note that if the carrier signal-to-noise ratio in Receiving
System 2 were significantly less than that in Receiving System 1, this effect could be offset by making the closed-loop noise
bandwidth in Receiving System 2 a still smaller fraction of that in Receiving System 1.

The signal at the output of the second IF distribution amplifier (with gain K, ;¢,, which includes coaxial line and second
mixer loss) is:

~

< . ol/2 . _ — _ (7 _
Kppsry @2 T4y cosmycos [(wpp - w)p g D Y Oprsra0™ Orp =000
. n1/2 ; .
tK sy 2 TAysinm e Dt TprsTao) LOS (@ 1+ 6SCDIST20
ssin [(wp = @) " Wrpp O 00007 Opp= 0, 02D T 05157560 (13)

where 6167205 O1ppa0 —05 + 0D1$T2)’050D1ST20 and 75,97, represent the phase shift and group delay up to this point
in System 2 including coaxial lines. Note from Fig. 1 that (Wrp -~ W, 03~ Wrpp1)= Wrpr,- The second 1F distribution
amplifier provides its output signal to the IF filter /4, and to the telemetry IF channel in Receiving System 2. The second
IF filter £, , in Receiving System 2 has the same noise bandwidth as IF filter F,, in Receiving System I (by design). The
signal at the output of IF filter F,, (with gain K, ,) can be expressed as:

K K 2224 cosm . - cos [w t+ (6

A2 pIST? 2 pD REF2 Fazo” Wrp~ 9LO2))] T a200) (14)

where 0p 4,0~ Oprs720 T Opa, and ng,,0(2) represents the amplified receiver noise in the noise bandwidth of F,, at the
operating equivalent system noise temperature 7, ,,. This signal is provided as an input to the summing junction (Fig. 1) as
well as to the RF carrier loop and AGC in Receiving System 2. Note that the phase shift from the output of IF filter F
(expression 14) in Fig. 1 to the phase detector which provides the error signal to the tracking filter (Receiving System 2) is a
constant by design. Consequently the phase shifter marked A, which is in series with the reference 2 input (wgpp,?) in
Receiving System 2 provides a means for setting the RF phase of expression (14) equal to the RF phase of expression (10) in
Receiving System 1 at the summing junction. The second IF amplifier gain Kynq 7, is designed so that the signal level (K

KpisTa * 21/24,) can be set as required relative to the signal level (K, = Kp,;gp; * 21/2A4,) in Receiving System 1 at the
input to the summing junction.
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lll. Predetection Signal-to-Noise Ratio and
Resultant Phase Noise

A. Receiving System 1

Assume for the moment that the second receiving system shown in Fig. 1 is not connected to the summing junction. The
predetection carrier signal-to-noise power ratio in Receiving System 1 represented by expression (10) is:

2

A? cos mpD PC1
PeylPyy “NBW, N %" NBW, N (13)
41 ol FAI ol

where NBWp , | represents the noise bandwidth of F,; and N, is the one-sided noise spectral density for Receiving System
1 which was defined in the discussion relative to expression (1). The receiving system contains a second-order RF carrier phase
tracking loop which utilizes a band pass limiter and a sinusoidal phase detector. Utilizing the information in Refs. 1 and 2 and
limiting 0,, <1 radian, the rms phase noise g, at the output of the RF carrier tracking loop (i.e., on the first local oscillator
signal} can be expressed as:

. 1/2 PR S b . NoaBLi) |12
5 2B, | NBWFAlNol NolBLl P, i
g =— . . . radians, rms
d)nl Pcl 0.862 + Pcl Pc1 sinh (NOIBL l)
NBWFAlNol Py
or collecting terms.
P
1\/01 1+C—1- e NolBLI 172
2 2B NBWFAl "oy Py di (16)
Y = . radians, rms
¢”1 Pcl 0.862 + Pcl inh NolBLl
St taBw, N TP
A1 ol cl

The two-sided closed-loop noise bandwidth 2B, , can be expressed as:

2B
_“Proi o
2BL1—r+l<l+rOE)
o ol

where r, = 2 by design (0.707 damping) and 2B, ,,, is the design point (threshold) two-sided closed-loop noise bandwidth in
Receiving System 1. The term «, is the limiter suppression factor resulting from the noise-power-to-carrier-power ratio in
NBWg 4, @, has a value of a,, at design point (threshold). At threshold, the predetection carrier signal-to-noise ratio in a
noise bandwidth equal to the threshold closed-loop noise bandwidth (2B; ) is unity (i.e., P,/2B; o * N, =1).

B. Receiving System 1 Arrayed with Receiving System(s) 2 Through N

Consider connection of the second Receiving System to the summing junction. Designate the voltage coupling of Receiving
System 2 into the summing junction as §, (relative to Receiving System 1). In addition, designate the carrier power-to-noise
spectral density ratio of Receiving System 2 as 73 of that in Receiving System 1 where v, <1. Note that the carrier phase
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noise that is fed from Receiving System 2 into the summing junction is small (because of much narrower closed loop noise
bandwidths as discussed above) relative to the phase noise error on the first local oscillator. Consequently, the Receiver 1 and
2 carrier signals fed into the summing junction are coherent with a small differential phase jitter. However, their receiver noise
voltages fed into the summing junction are statistically independent. As a result, the summed predetection carrier
signal-to-noise power ratio at the output of the summing junction becomes:

2
(4, cos ™, + 8,4, cos mpD)

‘11,2 _
- . 2 .
P"lz:l , NBWFA1 No1 +B2 NBWF/12 No2
which can be expressed as
2 .2 2
‘112 _ Ay cos"m . (1 +8,7,)
NBW «N 2
PnlElZ F ol 1+Bz
or
2
‘11,2 _ P, . (1 +‘3272) ’ 17
NBW - N 2
1312 Fau ol 1+6;

The rms phase noise Oppzy.o A the output of the RF carrier tracking loop (i.e., on the first local oscillator signal) in
Receiving System 1 due to predetection carrier signal-to-noise ratio can now be determined for two receiving systems arrayed
by incorporating the information in expression (17) above into the expression for g, (see expression (16)). The resulting
expression becomes:

P .
N L+ et " N B 1/2
o1 NBW, - N 2
5 2B Fgap ot P,
g === . — F . N B radians, rms (18)
Pu1x1,2 1 m, 0.862 + c1 M sl 01 L1
MBI'VFA1 "Ny Py,
where
(1+8,7,)
N, =
2 1 +ﬁ§

for two receiving systems arrayed. Note that for N similar receiving systems arrayed, the predetection carrier signal-to-noise
power ratio in Receiving System 1 becomes

2
Pousy, - n P, (It By, +Byyy + o+ By7y) o)
Pnl}:l,"'N NBWFAI.NOI 1+6§+6§++va
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The corresponding 04, < ... 5 can now be determined and becomes

P - .
Ny, Y S TI TAN R
2 2B, 1 NBWFAlN"l Pty
o = - — . radians, rms (20)
o] 131, ++ -, N P n P *n N - B
e ol Mo862 + oot sinh |
‘NBWFA1 ol cl nN

where

(B, T 4By

L+B5+- -+

My

for NV receiving systems arrayed.

The preceding paragraph has addressed determination of the rms phase noise 0, at the output of the RF carrier tracking
loop (first local oscillator signal) in Receiving System 1 due to the predetection carrier signal-to-noise ratio for two (up to N)
receiving systems arrayed. Inspection of Fig. 1 and expression (14) above indicates that an additional phase noise term due to
§L02 (noise at the output of the carrier tracking loop in Receiving System 2) coupled into the summing junction must also
be considered for two receiving systems arrayed. Note that since the closed-loop noise bandwidth of Receiving System 1
carrier tracking loop is much wider than that in Receiving System 2, the phase noise on §L02 is tracked by this wider phase
tracking loop and consequently appears as an (extremely small) error signal at the output of the summing junction. As a result

of the above (and from inspection of Fig. 1), the term §RF for the first oscillator signal (see expression (5) and (6)) now
becomes

-~

~ +620LO2
RE 148,

Consequently expressions (7), (9), and (10) in Receiving System 1 and expressions (11), (13) and (14) in Receiving System 2
now have the term 0 - replaced by

~ Bszoz
RF 1+ 32

As a result, the total rms phase noise at the output of the principal (Receiving System 1) carrier tracking loop (i.e., on the
first local oscillator signal) becomes:

{320 2\1/2
.2 +< ®n2 Q1)
Pn1z1,2 1+8,
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for two receiving systems arrayed. The first term, o4 | 2 is the rms phase noise due to predetection carrier signal-to-noise
ratio at the output of the summing junction (i.e., expression (18)). The rms phase noise T2 contained in the second term
above will be developed in the following material. Note that for N receiving systems arrayed the total rms phase noise on the
first local oscillator signal becomes:

ﬁ20 2 g.o 2\ 1/2

¢ N~ ¢

02 +(..~—._.!l_2_> 4+ -0+ _nI_V (22)
®aiz1, -, N 1+8, 1+8,

where. (1)4)'1121,“',1\7 is expression (20) above. The expressions for o4, , (and o4, ,) will be developed in the following
material.

The total rms phase noise shown in expressions (21) and (22) can be considered as due to an equivalent predetection
carrier signal-to-noise ratio for two up to N receiving systems arrayed. Comparison of this equivalent predetection carrier
signal-to-noise ratio with the initial predetection carrier signal-to-noise ratio in a single Receiving System (i.e., system 1)
provides the improvement due to carrier arraying for high-rate telemetry.

C. Receiving System 2 Through N

Consider next the carrier phase tracking loop in Receiving System 2. Since the closed-loop noise bandwidth of the carrier
tracking loop in Receiving System 2 is much narrower than that in Receiving System 1, the phase noise in Receiving System 1
carrier tracking loop (which has an rms value Opns1 2 for two systems arrayed) produces a predetection carrier signal voltage
reduction which has an expected value of

The predetection carrier signal-to-noise power ratio in Receiving System 2 represented by expression (14) is:

UZ) ) | ( Ué |
2 B nitz1,2 _ nizi1,2
PC'221,2 A, cos mon 1 5 PC2 1 > o)
P, NBWFA2 "N, NBWFA2 *N,,

The carrier tracking loop in Receiving System 2 is a second-order loop (r, =2) which also utilizes a band pass limiter and a
sinusoidal phase detector. The rms phase noise 0y, , in Receiving System 2 carrier tracking loop becomes

P .
N 1 51,2 Noz BL2 172
02 o SRt exp{———
- 2B NBW. N _, P
2 L2 42 ° €251,2 .
o = .- radians, rms 24)
bp2z12 P P N . B
’ Ca c . 2 L2
21,2 0862 + 231,2 Slnh P
NBWFA2 "N,y €151,2
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where
2 2
o
p _p (1_ ¢n1>:1,2)
crx1,2 2 2

For N receiving systems arrayed, the predetection carrier signal-to-noise power ratio in Receiving System 2 becomes:

0.2 2
P P 1- ¢n121,---N)
€951, - N c2 2

for two receiving systems arrayed.

= ; (25)
P, NBWFA2 N,,
and the corresponding 0g, ¢, ... 30 be determined by substitution of Peys; ... I0 place of Po,y, , in expression
(24). Note that the term 0y, 1’21 ...y In expression (25) above should be replaced by an rms value similar to that shown in
expression (22) with the term '
Y
b2 ®n2
1+8,

deleted. This iteration provides a very small effect on carrier signal-to-noise ratio improvement for the design parameters and
number of receiving systems considered in this report. The predetection carrier signal-to-noise power ratio in Receiving System
N becomes:

o* 2
P r li- ®p18t, -+, N
‘NE1,--- N _ N 2 (26)
P NBW, N
N AN  °N
The resultant rms phase noise gy, i Receiving System N carrier tracking loop is:
i P N B V12
N, L4 NZy, oL N ox ° Ln
N . op NBW, N p
o =2 Ll AN N, ‘N, N radians, rms
(DnNEl,"',N PC PC NO 'BL ’
NZ1,---, N 0.862 + NZ1,-++, N sinh N N
’ NBW, N P
L AN  °N ‘Nz1,--+, N
(27)
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IV. Acquisition

The following discussion relates to RF carrier acquisition for the arrayed receiving systems shown in Fig. 1. Prior to RF
carrier acquisition, receiving systems 2 through N are disconnected (switched out) from the summing junction. The first local
oscillator (MxVCO,) in Receiving System 1 is swept or set in frequency to the expected (or predicted) reception frequency.
Radio frequency carrier acquisition is obtained for carrier levels from threshold (defined in discussion following expression
(16)) to strong signal levels. RF carrier acquisition in Receiving System 1 provides the first local oscillator signal for receiving
systems 2 through N.

The carrier tracking loop in Receiving System 2 is acquired by setting the oscillator frequency (VCO,xQ) equal (zero beat
frequency) to reference frequency 1 (Fig. 1). Receiving System 2 is now connected into the summing junction to accomplish
RF carrier arraying of two systems. This procedure is repeated in rapid succession until all remaining receiving systems are
acquired and RF carrier arrayed for reception.

V. Performance

The improvement in carrier signal-to-noise ratio that can be achieved by arraying receiving systems for high-rate telemetry
can now be determined for a representative set of design parameters using the preceding development. The following
parameters are used for Receiving System 1:

Threshold two-sided noise bandwidth (2B; ,,) =12 Hz
Predetection IF filter noise bandwidth (NBWFA 1) = 2200 Hz

The parameters used for Receiving System 2 through N are:
Threshold two-sided noise bandwidth (2B, 5, ... ) =0.1 Hz
Predetection IF filter noise bandwidth (WBWg ,, ... ,)=2200 Hz

Figure 2 shows the carrier signal-to-noise ratio improvement resulting from arraying up to twelve similar receiving systems
for high-rate telemetry reception. Performance is shown for v, values of 1.0, 0.95, 0.9 and 0.84 where $, is equal to v,. As
developed earlier in this report, 'y is the carrier signal-to-noise spectral density ratio of Receiving System N relative to
Receiving System 1. Also §, is the voltage coupling of Receiving System N into the summing junction relative to Receiving
System 1.

Figure 3 shows the effect on carrier signal-to-noise ratio improvement for 7y, values of 1.0, 0.95, 0.9 and 0.84 when By is
varied. Performance is shown for two, three, four and ten receiving systems arrayed for high-rate telemetry. The effect of the
carrier phase noise from Receiving Systems 2 through N (see expression (22)) coupled into the principal (Receiving System 1)
RF carrier tracking loop can be seen in Fig. 3. This effect becomes moré apparent as the number of systems arrayed is
increased. Note that, for ten receiving systems arrayed for high-rate telemetry reception, reducing the coupling § from unity
results in an increase in carrier signal-to-noise ratio improvement.

Some initial measurements of radio-frequency carrier signal-to-noise ratio improvement have been made in the laboratory
by arraying two, three, and four receivers. For convenience, these initial measurements were made with the following
parameters; Receiver 1:

Threshold two-sided noise bandwidth (2B, ,,)= 152 Hz
Predetection IF filter noise bandwidth (VBWg: , ) = 2200 Hz

The parameters for Receivers 2, 3 and 4 were:
Threshold two-sided noise bandwidth (2Brp2,34)= 1 Hz
Predetection IF filter noise bandwidth (NBWF 4, 5 4)= 2200 Hz
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These parameters provide essentially the same performance as shown in Figs. 2 and 3 for two, three, and four receiving
systems arrayed.

Measurement of two receivers (1 and 2) arrayed, with v, and 8, equal to one, provided a RF carrier signal-to-noise ratio
improvement of 2.7 dB. Calculated improvement is 2.8 dB. Note that a measurement with §, = 1 and v, = 0.88 provided a
carrier signal-to-noise ratio improvement of 2.4 dB, which agrees with predicted performance. Measurement of three receivers
(1, 2, and 3) arrayed provided a 4.1-dB improvement in RF carrier signal-to-noise ratio. For this measurement v, and v; =1,
B,= 04 and B, = 0.49. These parameters provide a predicted improvement of 4.1 dB. With four receivers (1, 2, 3, and 4)
arrayed, measured improvement in RF carrier signal-to-noise ratio was 4.6 dB. For this measurement vy, and v, =1,7,=
0.86, B, = 0.3, {33 = 0.38 and f, = 0.36. These parameters provide a predicted improvement of 4.6 dB. For the above
measurements, the effective system noise temperatures of receivers 1, 2, 3 and 4 were 3540, 3360, 3360 and 4640 degrees
kelvin, respectively. It is planned to make further measurements with parameters optimized (i.e., 7y and 6N =1).
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Fig. 2. Effect of summing junction voltage coupling on carrier signal-to-noise ratio improvement
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(receiver arraying for high-rate telemetry reception)



IMPROVEMENT IN CARRIER SIGNAL-TO-NOISE RATIO, dB
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Fig. 3. Signal-to-noise ratio improvement for radio frequency
carrier arraying for high-rate telemetry reception
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